The kinetics of a very large NAD-dependent glutamate dehydrogenase from Janthinobacterium lividum showed positive cooperativity toward -ketoglutarate and NADH, and the Michaelis-Menten type toward ammonium chloride in the absence of the catalytic activator, L-aspartate. An increase in the maximum activity accompanied the decrease in the S 0:5 values for -ketoglutarate and NADH with the addition of L-aspartate, and the kinetic response forketoglutarate changed completely to a typical MichaelisMenten type in the presence of 10 mM L-aspartate.
Glutamate dehydrogenase (GDH, EC 1.4.1.2) catalyzes the reversible oxidative deamination of L-glutamate to -ketoglutarate in the presence of NAD(P) as a coenzyme.
1) The functional and structural properties of GDHs from various organisms have been well characterized; almost all GDHs known to date exhibit a hexamer structure composed of about 50 kDa-identical subunits, and this type of GDH is widely distributed in eukarya, bacteria, and archaea.
2) On the other hand, different types of GDH exist in eukarya and bacteria. Lower eukaryotes such as Saccharomyces serevisiae and Neurospora crassa have tetrameric GDHs with a subunit molecular mass of 115 kDa, [3] [4] [5] and some bacteria have GDHs with subunit molecular masses of about 180 kDa. The latter GDHs have been observed in Streptomyces clavuligerus (Sc-GDH), as a hexamer, 6 ) Pseudomonas aeruginosa (Pa-GDH), as a tetramer, 7) and Psychrobacter sp. TAD-1, as a dimer, 8) and represent the GDH family, which is characterized by very large subunits. Recently, we also found a very large GDH in the psychrophilic bacterium Janthinobacterium lividum (Jl-GDH) and determined its entire amino acid sequence, subunit structure, and enzymatic properties.
9) Jl-GDH is composed of a hexamer with a subunit molecular mass of 170 kDa, like Sc-GDH. Based on alignment analysis, the catalytic domain of these GDHs appears to be the central region (residues 719 to 1190 in the Jl-GDH sequence), because this region is highly conserved among homologous proteins (60-65% homology), and the catalytic residues (G91, K113, K125, D165, V377, and S380) observed in the structurally defined clostridial GDH are also conserved in this region. 10) In contrast, the sequences of the N-and C-terminal regions of these enzymes are less conserved (25-30% homology). One of the notable characteristics of these GDHs is marked activation by non-substrate amino acids. In oxidative deamination, Jl-GDH activity is markedly enhanced by the addition of non-substrate amino acids such as L-aspartate (1735%) and L-arginine (936%), and this activation reflects an increase in the maximum reaction velocity but not a decrease in the affinity constants for the substrates. In contrast, the activation observed in both Sc-GDH and Pa-GDH occurs when the substrate concentrations are unsaturated, indicating that the enhanced activity reflects a decrease in the affinity constant but not an increase in the maximum velocity. The different manner of activation might be attributable to their low homologies in the sequence of the N-or C-terminal regions of these enzymes. 9) In a previous study, we examined the oxidative deamination of Jl-GDH, but the detailed kinetic behavior of reductive amination is still unclear. In this study, we performed kinetic analyses of the reductive amination of Jl-GDH, and examined its catalytic behavior in the presence of L-aspartate.
Jl-GDH was produced in Escherichia coli TOP 10 cells (Invitrogen, Tokyo) using the pCold expression system (Takara, Kyoto, Japan), and was purified by Butyl-Toyopearl hydrophobic chromatography (Tosoh, Tokyo), as previously described. Gel-filtration chromatography after this step was omitted because the specific activity was not improved by chromatography.
9) After Butyl-Toyopearl chromatography, the enzyme purity was checked by both native- 11) and SDS-PAGE, 12) and dialyzed against 10 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA, 0.1 mM dithiothreitol, and 10% glycerol. The protein concentration was determined by the method of Bradford; bovine serum y To whom correspondence should be addressed. Tel: +81-92-642-3053; Fax: +81-92-642-3059; E-mail: ohshima@agr.kyushu-u.ac.jp Biosci. Biotechnol. Biochem., 74 (4), [884] [885] [886] [887] 2010 Note albumin served as the standard. 13) Reductive amination catalyzed by Jl-GDH was assayed spectrophotometrically at 25 C. The standard reaction mixture contained 100 mM potassium phosphate buffer (pH 6.5), 30 mM -ketoglutarate, 50 mM ammonium chloride, 150 mM NADH, and the enzyme in a total volume of 1 ml. The reaction was started by the addition of the enzyme, and the change in absorbance caused by the disappearance of NADH was monitored at 340 nm (" ¼ 6:22 mM À1 cm À1 ). The activity of the enzyme in reductive amination was expressed as the NADH oxidation rate (mmol of NADH/min) at 25 C. About 9 mg of purified enzyme was obtained from 500 ml of culture, and the specific activity of the purified Jl-GDH was determined to be 8.3 mmol/min/mg under standard assay conditions. Maximum activity was obtained with 36 mM -ketoglutarate when constant concentrations of NADH (150 mM) and ammonium chloride (50 mM) were used, but the activity decreased above the concentration of -ketoglutarate, indicating typical substrate inhibition (Fig. 1A, open circle) . The saturation profile against -ketoglutarate showed a sigmoidal response, but not a Michaelis-Menten one. When the data were calculated with Prism 5.0 (GraphPad software), Hill's constant was calculated to be 1.7, indicating positive cooperativity in -ketoglutarate binding (Table 1) . Such a response was also observed in NADH saturation profile (Fig. 1B , open circle), with a Hill's constant of 1.8. When we determined the activities in the range of 1.5 to 36 mM of -ketoglutarate, the S 0:5 value, which represent the various substrate concentrations required for half of V max , for -ketoglutarate was determined to be 9.1 mM, and that for NADH was 68 mM in the range of 15 to 210 mM of NADH (Table 1) . By contrast, no inhibition was observed under increases in the ammonium chloride concentration at least up to 140 mM (Fig. 1C, open  circle) . The double reciprocal plots for ammonium chloride exhibited a linear correlation, and the K m value was calculated to be 20.9 mM (Table 1) . A similar result was observed for Sc-GDH; the saturation profiles against -ketoglutarate and NADH showed sigmoidal responses with positive cooperativities, with Hill's constants of 1.50 and 1.52 respectively, and that against ammonium chloride was of the Michaelis-Menten type, with a K m value of 33.9 mM. 6) In these respects, the reaction manner of the reductive amination of Jl-GDH was quite similar to that of Sc-GDH.
Next we determined the kinetic response in the presence of the activator, L-aspartate. The saturation profile of -ketoglutarate showed a dramatic change under the addition of L-aspartate. When L-aspartate was used as the activator at a concentration of 0.1 mM, maximum activity was obtained with about 10 mMketoglutarate, and the activity was higher, about 2 times than that without L-aspartate, though substrate inhibition was also observed (Fig. 1A, solid circle) . This activation depended on the concentration of L-aspartate, and saturation was observed at a concentration of 10 mM. This means that in reductive amination, the addition of L-aspartate resulted in an increase in both the reaction velocity and the affinity for -ketoglutarate, unlike the case of oxidative deamination of L-glutamate. In addition, Hill's constant toward -ketoglutarate in the presence of 10 mM L-aspartate was determined to be 1.0, indicating that the kinetic pattern completely changed to the Michaelis-Menten type. The V max and K m values for -ketoglutarate were determined to be 16.4 mmol/min/mg and 0.041 mM respectively, indicating that the catalytic efficiency (V max =K m ) against -ketoglutarate was markedly enhanced, 380 times, in comparison with that without L-aspartate (Table 1) . The saturation profile for NADH in the presence of L-aspartate also showed a pattern similar to that for -ketoglutarate; the maximum activity was enhanced, up to 2 times, and the S 0:5 value decreased to 5 mM, though the kinetic pattern did not change to the Michaelis- The concentrations of the other two substrates (NADH and ammonium chloride in A, -ketoglutarate and ammonium chloride in B, and -ketoglutarate and NADH in C) were used at the constant concentrations depicted under the standard reaction conditions. For the assay in the absence of L-aspartate, the amount of enzyme used was 4.0 mg, and for the assay in the presence of L-aspartate the amounts were 0.8 and 0.4 mg in the cases of A and C, and B, respectively.
Menten type (Hill's constant, 1.4) . In the case of Sc-GDH, the addition of L-aspartate resulted in decreases in the affinity constants for -ketoglutarate and NADH without any increase in the reaction velocity. In this regard, the catalytic behavior of Jl-GDH was different from that observed for Sc-GDH. Another remarkable feature of Jl-GDH was observed in the saturation profile against ammonium chloride in the presence of L-aspartate. Maximum activity increased markedly with increases in the L-aspartate concentration, as described for Sc-GDH, and reached 52 mmol/min/mg with 600 mM ammonium chloride in the presence of 10 mM L-aspartate (Fig. 1C, solid triangle) . Figure 2 A to D shows double-reciprocal plots of the velocity and ammonium chloride concentration for each concentration of L-aspartate. Notably, it was found that each plot had two distinctive K m values with low and high ammonium chloride concentrations in the presence of L-aspartate. These features were not observed for Sc-GDH. Unlike the case of the other two substrates, the K m values gradually increased along with increases in L-aspartate at both low and high ammonium chloride concentrations.
In this study, we determined the kinetic characteristics of reductive amination of the very large GDH from J. lividum and determined its unique kinetic behavior in the absence and the presence of the activator. Our results as to the kinetics for reductive amination, described The ranges of ammonium chloride concentration used for the plots were same as those described in Table 1 . Dotted lines (in B, C, and D) show the theoretical curves obtained in the high concentration ranges of ammonium chloride.
here, and for oxidative deamination, described in a previous report, 9) indicate that the activation mechanism of Jl-GDH is largely different from those of Sc-GDH and Pa-GDH in the kind of activator, degree of activation, the manner of increase in catalytic efficiency of substrates, and appearance of two distinctive K m values against ammonium chloride. This might be associated with differences in the sequences of the N-or C-terminal domains observed between Jl-GDH and other very large GDHs.
